Abstract: This paper presents the resistivity and piezoresistivity behavior of cement-based mortars manufactured with graphene nanoplatelet filler (GNP), virgin carbon fibers (VCF) and recycled carbon fibers (RCF). GNP was added at 4% of the cement weight, whereas two percentages of carbon fibers were chosen, namely 0.05% and 0.2% of the total volume. The combined effect of both filler and fibers was also investigated. Mortars were studied in terms of their mechanical properties (under flexure and compression) and electrical resistivity. Mortars with the lowest electrical resistivity values were also subjected to cyclic uniaxial compression to evaluate the variations in electrical resistivity as a function of strain. The results obtained show that mortars have piezoresistive behavior only if they are subjected to a prior drying process. In addition, dry specimens exhibit a high piezoresistivity only when loaded with 0.2 vol.% of VCF and 0.4 wt.% of GNP plus 0.2 vol.% RCF, with a quite reversible relation between their fractional change in resistivity (FCR) and compressive strain.
Introduction
Over the last few decades, the development of novel multifunctional materials for both structural and non-structural applications has been particularly interesting. In particular, recent studies report the use of highly porous aggregates [1] [2] [3] or nano-photocatalytic materials [4] [5] [6] for indoor air quality improvement, smart compounds containing phase change materials [7, 8] for enhancing the thermo-energy efficiency and conductive additions for developing self-sensing materials [9] [10] [11] .
Self-sensing is the ability of a structural material to sense its own condition, including strain, stress, damage and temperature [12] . This property is important for structural vibration control, load monitoring and structural health monitoring (SHM) for increasing the safety, durability and performance of the final material [13] . This aims to introduce non-destructive systems that are able to investigate the health of concrete through the detection of parameters such as pH, humidity and the corrosion rate of the reinforcements or through sensors for the detection of cracks and damages.
(VCF) and recycled carbon fibers (RCF) alone and together was compared, and their piezoresistive behavior was investigated under compression.
Materials and Methods

Preparation of Mortars
To manufacture conductive mortars, limestone cement CEM II B-LL 32.5N and silica sand (diameter < 1 mm) were used.
As a conductive commercial filler, GNP, the commercial name of which is Pentagraf, was used. GNP was supplied by Pentachem S.r.l.
As conductive short fibers, virgin carbon fibers (VCF) and recycled carbon fibers (RCF) were used. VCFs were supplied by STW GmbH. RCFs were supplied by Apply Carbon S.A., and they are a mixture of all origins of carbon and graphite ex-PAN (polyacrylonitrile) fibers, obtained from spools of pure carbon fibers, cut for the widest range of short-fiber applications.
The morphology of GNP, VCF and RCF, investigated by scanning electron microscopy, is reported in Figure 1 .
The properties of GNP, VCF and RCF reported in Table 1 have been taken from the technical data sheets given by suppliers.
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Materials and Methods
Preparation of Mortars
The properties of GNP, VCF and RCF reported in Table 1 have been taken from the technical data sheets given by suppliers. GNP was added to mortars at 4% by cement weight (equal to 1% by the total volume of mortar), which is an amount similar to that used in a recent publication [23] . On the other hand, two dosages of fibers were chosen: the former equal to 0.05% by the total volume of mortar, which is similar to that used in premixed mortars, and the latter equal to 0.2% by the total volume of mortar, which is a percentage similar to that suggested by [27] . Fillers and fibers were added to mortars both alone and together to evaluate a possible synergistic effect of the two materials.
Mortars were manufactured with a sand/cement ratio equal to 3 and a water/cement ratio equal to 0.5 by weight. For comparison, a reference mixture (REF) without fillers and fibers addition was also manufactured.
The development of conductive behavior is feasible only if fillers and fibers are dispersed homogeneously in the compound. For this reason, in order to guarantee a uniform distribution of the conductive particles and eliminate the segregation, the dispersion of GNP was facilitated by mixing the filler in a solution composed of the total amount of water and a polycarboxylate ether agent (Melflux 4930F, Basf S.E.) as the superplasticizer (SP). At first, the solution was manually stirred and then subjected to sonication for 30 min in an ultrasonic bath.
The workability was maintained at a constant with a slump value lower than 210 mm to obtain plastic mortars according to UNI EN 1015-6:2007.
Mortars were cured at RH = 90 ± 5% and T = 20 ± 1 • C for the first week and then at RH = 65 ± 5% and T = 20 ± 1 • C in a climatic chamber until testing.
In Table 2 , the composition and the relative slump flow values of all the studied mixtures are reported. Table 2 . Mix design (g/L) and workability (mm) of mortars. 
Mechanical Tests of Mortars
The mechanical properties of mortars were investigated by means of flexural and compressive tests. For flexure, a 3-point bending test was carried out on 40 × 40 × 160 mm specimens after 28 days of curing. For compression, the same specimens were tested after 28 days of curing. Mechanical tests were carried out on three specimens according to the UNI EN 1015-11:2007 standard.
Electrical Tests of Mortars
Electrical Resistivity Measurements
The electrical conductivity of mortars was investigated through electrical resistivity measurements after 28 days of curing both before and after drying them at 60 • C until a constant mass was reached. This last condition was chosen in order to reduce the effect of moisture on electrical conduction [28] . Specimens used for electrical tests had 40 × 40 × 160 mm dimensions. Four stainless steel meshes, acting as electrodes, were placed inside the specimens with an immersion area of 30 × 30 mm [29] , after being previously degreased with acetone. The electrodes were placed at a distance of 40 mm from each other (Figure 2 ).
For measurements, a power supply (Protek DF1731SL5A) and a data acquisition device (Data Taker DT80) connected to a computer were used.
A potential difference was applied to the external electrodes in order to supply well-defined currents I(t) (from 0.05-10 mA) through the specimen. The voltage U(t) between the two inner electrodes was detected by the data acquisition device, and the resistivity ρ(t) was thus calculated through the first and the second Ohm's law, from which Equation (1) can be obtained:
where U(t) = voltage across the inner electrodes; I(t) = current measured between the outer electrodes; A = contact area between the electrodes and the material; and l = spacing between the inner electrodes. The test setup is given in Figure 2 .
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Piezoresistivity Measurements
For piezoresistivity tests, the electrical resistivity testing of the materials subjected to compression load cycles was carried out through a continuous acquisition. Piezoresistivity measurements were carried out on specimens after 28 days of curing both before and after drying them at 60 • C until a constant mass was reached. In this way, the influence of humidity on the measured value can be minimized. For compression deformation measurements, a 15-mm 120 Ω strain gauge connected to the data acquisition device was applied in the middle of the specimen (Figure 2) .
A potential difference of approximately 20 V was applied to the outer electrodes until stabilization of the resistivity value was reached. A Shimadzu AG-IC press applied a cyclic dynamic force of 250 N·s −1 to the sample, up to a maximum of 25 kN (15.6 MPa) and a lower limit of 2 kN. For each test, 10 sequential cycles were applied, with a total time of 180 s each. The piezoresistive properties of the materials were evaluated through the calculation of the fractional change in resistivity (FCR) of the specimen according to Equation (2):
where ρ(t) = maximum load resistivity of a sample; and ρ 0 = initial resistivity of the same sample.
The correlation between FCR and strain, defined as sensitivity, was evaluated through Equation (3):
where µε = axial deformation of the sample.
Results and Discussion
Mechanical Properties of Mortars
The mechanical properties of mortars are reported in Figure 3 . Concerning flexural strength (R f ), REF mortar has an R f value equal to 6.9 MPa (Figure 3a ). The addition of commercial GNP at 4% by cement weight has not modified the flexural strength of the mortar, whose R f value is similar to that of REF and equal to 6.4 MPa. A similar result was found by Du and Pang [30] , who found that the addition of GNP at 5% by cement weight has an insignificant effect on flexural strength; however, at higher dosages, it leads to a decrease of the R f value. On the other hand, the addition of carbon fibers results in a slight increase of the mortars' flexural strength, especially for those manufactured with VCF. It is reported that the inclusion of fibers inside cement-based compounds is beneficial for increasing the resistance of the material under flexure and tension because of the bridging action of fibers [31] . The addition of GNP to mortars containing fibers decreases the flexural strength, and those manufactured with RCF show the worst mechanical results.
In case of compressive strength (R c ), results show that REF mortar has an R c value of 31 MPa (Figure 3b ). The use of GNP slightly affects the compressive strength of the mortar, which shows an R c value of 29 MPa. As for GNP, the addition of carbon fibers does not modify the compressive strength of mortars, and only that manufactured with RCF at 0.05% in volume shows an R c 10% lower than that of the REF. On the contrary, when both GNP and fibers are used, the worsening of mechanical strength increases and becomes 12% lower for VCF and 19% lower for RCF additions.
The penalization of the mechanical properties of mortars manufactured with GNP was already reported by some authors [26, 30] and is related to the hydrophobicity of graphene and its physical characteristics (specific surface area and bulk density) [32] , as well as to the resulting difficulty in mixing during the preparation of specimens [33] [34] [35] , which has contributed to an increased porosity of mortars [26] . The augmented porosity of mortars manufactured with GNP is visible in Figure 4 , where the visual aspect of REF and GNP mortars is given. In this figure, it is possible to notice an increased number of voids in GNP mortar compared to the REF one, due to the difficult compaction during the casting activity. 
Electrical Properties of Mortars
Electrical Resistivity
The electrical resistivity of mortars is reported in Figure 5 . After the extraction from the climatic chamber (Figure 5a ), the REF mortar shows an electrical resistivity (ρ) of 80 Ω·m. The mortar manufactured with GNP shows a slightly lower value of ρ, equal to 73 Ω·m, which is only 8% lower than that of the reference. In the same way, mortars containing carbon fibers also confirm the ρ value of the reference, and only that manufactured with VCF at 0.2 vol.% shows a decrease of electrical resistivity equal to 16% compared to that of REF mortar. On the contrary, the combined use of carbon fibers and carbon filler contributes to a further decrease of electrical resistivity. In fact, mortars manufactured with VCF and GNP show values 9% and 24% lower than REF when manufactured with fibers at 0.05 vol.% and 0.2 vol.%, respectively. When RCF and GNP are used together, the decrease in electrical resistivity reaches 19% and even 92% depending on whether 0.05 vol.% or 0.2 vol.% of fibers are added, respectively. However, the great decrease of the electrical resistivity of GNP-0.2RCF mortar is not related to the type and quantity of fibers used. On the contrary, it is due to the good dispersion of filler and recycled fibers. In fact, if the material is well distributed inside the matrix, it forms a continuous path for the current, contributing to increasing the electrical conductivity of the material [36] .
Dried specimens show an increase in electrical resistivity up to two orders of magnitude ( Figure  5b ). This behavior is related to the water loss, which occurred after the drying process. In fact, the presence of water inside the material is beneficial for electrical conduction. The drying process has thus left the material filled with air instead of water, increasing its electrical resistivity. 
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The electrical resistivity of mortars is reported in Figure 5 . After the extraction from the climatic chamber (Figure 5a ), the REF mortar shows an electrical resistivity (ρ) of 80 Ω·m. The mortar manufactured with GNP shows a slightly lower value of ρ, equal to 73 Ω·m, which is only 8% lower than that of the reference. In the same way, mortars containing carbon fibers also confirm the ρ value of the reference, and only that manufactured with VCF at 0.2 vol.% shows a decrease of electrical resistivity equal to 16% compared to that of REF mortar. On the contrary, the combined use of carbon fibers and carbon filler contributes to a further decrease of electrical resistivity. In fact, mortars manufactured with VCF and GNP show values 9% and 24% lower than REF when manufactured with fibers at 0.05 vol.% and 0.2 vol.%, respectively. When RCF and GNP are used together, the decrease in electrical resistivity reaches 19% and even 92% depending on whether 0.05 vol.% or 0.2 vol.% of fibers are added, respectively. However, the great decrease of the electrical resistivity of GNP-0.2RCF mortar is not related to the type and quantity of fibers used. On the contrary, it is due to the good dispersion of filler and recycled fibers. In fact, if the material is well distributed inside the matrix, it forms a continuous path for the current, contributing to increasing the electrical conductivity of the material [36] .
Dried specimens show an increase in electrical resistivity up to two orders of magnitude (Figure 5b ). This behavior is related to the water loss, which occurred after the drying process.
In fact, the presence of water inside the material is beneficial for electrical conduction. The drying process has thus left the material filled with air instead of water, increasing its electrical resistivity.
REF mortar obtains a ρ value of 2474 Ω·m. The use of GNP worsens the electrical conductivity of mortars, since the resistivity value becomes 61% higher than REF. This is due to the increased porosity of the mixture containing GNP (Figure 4) . On the other hand, some mortars manufactured with carbon fibers show a different behavior: in fact, that manufactured with 0.05 vol.% of RCF confirms the resistivity of REF, whereas 0.2VCF mortar shows a resistivity of 328 Ω·m (87% less than REF) . On the contrary, while the coupling of GNP and fibers increases the mortar ρ value of 160%, the GNP-0.2RCF mortar shows a resistivity of 5.3 Ω·m (three orders of magnitude less than REF). Again, the use of virgin and recycled fibers gives contrasting results, and it is thus evident that it is not the typology of fibers that influences the electrical properties of the studied compounds.
Therefore, the high conductivity of the 0.2VCF and GNP-0.2RCF mixtures is not linked to the type of fibers used, but is probably related to the optimal distribution of the additions, which have formed an extremely effective conductive network within the material [37] . Again, the use of virgin and recycled fibers gives contrasting results, and it is thus evident that it is not the typology of fibers that influences the electrical properties of the studied compounds.
Therefore, the high conductivity of the 0.2VCF and GNP-0.2RCF mixtures is not linked to the type of fibers used, but is probably related to the optimal distribution of the additions, which have formed an extremely effective conductive network within the material [37] .
(a) (b) Figure 5 . Electrical resistivity of 28-day cured mortars measured just after the extraction from the climatic chamber (a) and after drying (b).
Piezoresistivity
The piezoresistivity was evaluated in those specimens showing the lowest electrical resistivity, since a good electrical conduction is a prerequisite for piezoresistive behavior [38] . For these reasons, it was investigated in the 28-day cured GNP-0.2RCF mortar just after the extraction from the climatic chamber and in both 28-day cured 0.2VCF and GNP-0.2RCF mortars after the drying process (Figure 5b) .
The result obtained from moist GNP-0.2RCF mortar shows that the specimen has no piezoresistive behavior (Figure 6 ). In fact, no variation for FCR has been detected during the cyclic variation of strain in time due to the cyclic application of compressive load. Even if the mortar is loaded with conductive material, the result obtained indicates that the conductive links built by the tunneling of GNP particles are not stable [26] .
In the case of dried specimens, the results are completely different, because their high conductivity leads to a significant piezoresistive behavior (Figure 7 ). In fact, for both 0.2VCF and GNP-0.2RCF mortars in Figure 7a ,c, respectively, it is possible to observe a sensible change of FCR under cyclic compressive loading. The change of electrical resistivity is thus sensitive to the applied stress. Moreover, these figures show a reversible trend of FCR, which decreases upon loading and increases upon unloading. This behavior establishes a straightforward correlation between deformation and resistivity [28] , as shown in Figure 7b ,d. In particular, 0.2VCF shows a very high sensitivity (613.5 MPa −1 and a maximum value of 4.9% for FCR, Table 3 ), and the change in resistivity is constant and repeatable. However, the reading has some noise, as can be seen from the irregularity of the FCR-time curve (Figure 7a ) since the conductivity is still governed by the tunneling effect [26] . On the contrary, GNP-0.2RCF shows a lower sensitivity (a maximum value of 2.2% for FCR with similar strain values, Table 3 ), but a very good regularity of its FCR-strain trend line without noise 
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Conclusions
In this work, the electrical and mechanical properties of mortars manufactured with conductive carbon-based fillers and fibers have been investigated for the development of cement-based sensors for self-sensing systems. As a conductive filler, graphene nanoplatelets (GNP) were used. As conductive fibers, both virgin carbon fibers (VCF) and recycled carbon fibers (RCF) have been chosen.
The experimental results show the following:
• GNP leads to a decrease in mechanical strength and an increase in electrical resistivity due to the increased content of voids as a consequence of the difficult compaction of the mortar; • In order to show piezoresistive behavior, after curing, specimens should be dried; • VCF addition at 0.2 vol.% and the combined use of GNP and RCF at 0.2 vol.% entail a very high electrical conductivity and clear piezoresistive properties. 
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